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Influence of smoking on the expression of various cytokines 
in murine bronchoalveolar lavage fluid cells
Hideto Yamakido
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ABSTRACT 
The cytokine network plays an important role in the patho-
genesis of allergic asthmatic lung. As the influence of smok-
ing on cytokine expression should be considered in 
delineating the cytokine network, the effects of a single expo-
sure and chronic exposure to smoke on the number and 
cytokine expression of bronchoalveolar lavage fluid (BALF) 
cells were evaluated. From a total of 126BALB/c mice, BALF 
cells were obtained and analyzed using the quantitative 
reverse transcription-polymerase chain reaction technique 
(RT-PCR).
 The bodyweights of chronic smoking mice were found to 
be lower when compared to those mice that had not been 
exposed to smoke. The total number of BALF cells increased 
after smoking without significant differences in cell classifica-
tion. Spontaneous mRNA expression of interleukin-1α　 (IL-
1α), interleukin-1β　 (IL-1β), tumor necrosis factor-α　 (TNF-α)
and　tronsforming growth factor-β (TGF-β) was deteded in all
cases. The time courses of their expression patterns after 
exposure to smoke were similar between the chronic and
single smoking mice, except for TGF-β. The levels of IL-1α,
IL-1β and TGF-β mRNA increased immediately after the ex-
posure to smoke in chronic smoking mice, whereas the levels
of TGF-β mRNA increased 2h after exposure in the single
smoking mice. Moreover, the hcrease of IL-1α and TGF-1β
mRNA in the early phase after exposure was exaggerated in 
chronic smoking mice.
 Thus, repeated exposure to smoke may have caused some 
alterations in the expression mechanism of cytokines such as
TGF-β and IL-lα in BALF cells, while it seemed to cause a
repeated pattern of acute inflammation after each exposure. 
In the evaluation of cytokine expression in BALF cells in 
smokers with various lung diseases, it is recommended that 
before taking samples a sufficient time interval after the last
exposure to smoke be allowed to avoid the effect of acute 
inflammation caused by smoking.
Key words: animal model, bronchoalveolar lavage, cyto-
kine, reverse transcription-polymerase chain reaction (RT-
PCR), smoking.
INTRODUCTION 
The delineation of cytokine networking in allergic lung diseases 
has been the subject of intense research in recent years. In aller-
gic asthmatic lung, various cytokines such as interleukin-(IL-) 
1-6, granulocyte-macrophage colony-stimulating factor (GM-
CSF) and tumor necrosis factor-α (TNF-α) have been reported
to be expressed at increased levels in bronchoalveolar lavage 
fluid (BALF) cells.1 Although smoking is an important factor 
influencing the pathogenesis of various lung diseases, and the 
cytokine regulation in the lungs of healthy smokers is quite dif-
ferent from that of non-smokers,2 few reports have considered 
the influence of smoking on cytokine expression. It is known that 
the total number of cells in BALF increases in smokers. While 
Hunninghake et al. reported that the number of neutrophils 
increased significantly in comparison with other cell types sug-
gesting their involvement in serial inflammation related to 
smoking,3 other investigators demonstrated the increase in the 
number of macrophages in smokers,4 indicating the importance 
of their role in inflammation relating to smoking.
 Cytokines IL-1 and TNF are known to participate in inflam-
mation. Release of IL-1 by alveolar macrophages has been 
reported to increase in pneumonia patients and healthy smok-
ers,5,b but the converse has been reported by others.7,8
Transforming growth factor-β (TGF-β) is a cytokine known to
participate in healing mechanisms and fibrosis and has been 
reported to suppress the production of H2O2 in respiratory burst 
phenomena.9 However, there are no reports describing levels of 
these cytokines at the mRNA level after a single exposure to 
smoke, or of the effect of each exposure to smoke during 
chronic smoking exposure. Considering the importance of 
knowing the effect of smoking on cytokine expression in BALF 
cells in evaluating cytokine network, I investigated the mRNA
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levels of various cytokines in BALF cells obtained from mice 
exposed to a single smoking episode and to chronic smoking.
METHODS 
Specific pathogen-free, 8-weeks-old male BALB/c laboratory 
mice (Japan Charles River, Atsugi, Japan) were used in all 
experiments. They were free from respiratory diseases and were 
housed in isolation away from all other laboratory animals. A 
smoking device for animal experiments (Hamburg II, Heinr 
Borgwaldt GmbH, Hamburg, Germany) which exposed the 
mice to inhalation of 30U of tobacco (hi-lite, Japan Tobacco, 
Tokyo, Japan) for 8min was used. The smoke was generated 
under standard conditions as follows: puff volume, 35mL; puff 
duration, 2s; puff frequency, 30/min.10
Effect of a single exposure to smoke on the total 
number of cells and cell classification in 
bronchoalveolar lavage fluid
Immediately (n=5), 2h (n=10), 8h (n=8) and 24h (n=8) 
after a single exposure to smoke, each mouse was killed under 
nembutal anaesthesia for laparotomy and thoracotomy. A ster-
ile plastic tube was inserted into the trachea and 1 mL isotonic 
sodium chloride solution was injected gently via a syringe then 
withdrawn. This procedure was repeated five times and about 
4.6mL (92% recovery) of BALF was obtained. The resulting fluid 
was centrifuged at 240g for 10 min, the cell pellet was sus-
pended in 1mL RPMI medium 1640 (GIBCO/BRL, Gaithers-
burg, MD, USA) containing 10% fetal calf serum (FCS) 
(Mitsubishi Kasei, Tokyo, Japan), and the total cell number 
was counted using a hemocytometer. The remainder was cen-
trifuged at 40g for 5min using a site spin apparatus, and 
Wright Giemsa and non-specific esterase stainings were carried 
out for cell classification. Control mice (n=10), which had not 
been exposed to smoke, were examined for the total number of 
cells and cell classification in the same way. A single factor 
ANOVA,was used for statistical analysis. Differences were consid-
ered statistically significant at P<0.05.
Effect of chronic exposure to smoke on bodyweight, 
total number of cells and cell classification in 
bronchoalveolar lavage fluid
Eight-weeks-old male BALB/c mice were divided into a chronic 
smoking group (group A, n=30) and a non-chronic smoking 
group (group B, n=29). Smoking exposure was carried out 
once every 24h for 4 weeks in group A. The control group mice 
(group B) were placed in the smoking apparatus every 24h but 
were not exposed to smoke (sham smoking). Bodyweight was 
determined every week and BAL was performed at 4 and 8 
weeks after chronic smoking or sham smoking. Bodyweight, 
total number of cells in BALF and cell classification were com-
pared between the two groups. Specimens obviously contami-
nated with red blood cells or those whose supernatant showed a 
positive reaction for the presence of blood were excluded from 
the analysis. The unpaired Student's t test was used for statistical 
analysis. Differences were considered statistically significant at 
P<0.05.
Effect of smoking on the mRNA expressions of 
various cytokines in bronchoalveolar lavage fluid 
cells
Eight-weeks-old male BALB/c mice were divided into a chronic 
smoking group (group C, n=16), a single smoking episode 
group (group D, n=18), and a non-smoking group (group E, 
n = 4). Smoking exposure was carried out every 24h for 4 
weeks in group C. Bronchoalveolar lavage was performed 
immediately, 2, 8 or 24h after the last exposure to smoke. For 
the mice in group D, sham exposure was carried out every 
24h for 4 weeks, with exposure to smoke only on the last day. 
Bronchoalveolar lavage was performed immediately 2, 8, 24 or 
48h after the single exposure to smoke. For the mice in group E, 
sham exposure was carried out every 24h for 4 weeks and BAL 
was performed 24h after the last sham exposure. The mRNA 
levels of various cytokines in BALF cells were examined as fol-
lows: (i) comparison between groups C and E at 24h after the 
last exposure, (ii) time course of cytokine mRNA level changes in 
group C; (iii) time course of cytokine mRNA level changes in 
group D, and (iv) comparison between groups C and D at 0, 2, 
8, and 24h after the last exposure. The Wilcoxon test was used 
for statistical analysis in (i) and (iv), and the single-factor ANOVA 
was used in (ii) and (iii). Differences were considered statistically 
significant at P< 0.05.
 Cytokine mRNA levels in BALF cells were quantified as fol-
lows: bronchoalveolar lavage fluid was immediately centrifuged 
at 240g for 10min and mRNA was extracted directly from the 
cell pellet using guanidinium thiocyanate solution and an oligo 
(dT)-cellulose spun column (Quick PrepTM mRNA Purification kit, 
Pharmacia LKB Biotechnology, Tokyo, Japan). One quarter of 
the poly(A)+ RNA was reverse-transcribed into cDNA in 20 µL 
reaction mixture containing 1.2umol/L oligo (dT)18 primers 
(Sigma, St Louis, MO, USA), 0.5mmol/L each deoxynucleotide 
(TaKaRa, Kyoto, Japan), 50mmol/L Tris-HCI (pH 8.3), 75 
mmol/L KCl, 3 mmol/L MgCl2, 10mmol/L dithiothreitol, 20U 
RNase inhibitor (RNasinTM, Promega, Madison, MI, USA), and 
200U Molony murine leukemia virus RNase H- reverse trans-
criptase (SuperscriptTM, GIBCO/BRL, Gaithersburg, MD, USA).
The reaction mixture was incubated at 37℃ for 60min.
First, 1μL cDNA solution(equivalent to the cDNA from a
1/80 aliquot of the total poly(A)+ RNA from BALF cells) was 
amplified by the polymerase chain reaction (PCR) using primers 
specific to each cytokine,1-15 or B-actin16 to determine the opti-
mum number of PCR cycles for each primer set (Table 1). This 
ensured that the amplification process used in the experiment 
was carried out during the exponential phase of amplification. 
The optimum number of PCR cycles was as follows: 28 for
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β-actin, 32 for IL-1α, 32 for IL-1β, 34 for TGF-β, and 36
for TNF-α. Coincident amplification (co-amplification) of each
cytokine and β-actin was then carried out in one tube. The
β-actin primers were added after several amplification cycles
with cytokine primers only, so that the final number of PCR
cycles became optimal for both the cytokine and β-actin
simultaneously.
  The PCR amplifications were performed in 100μL reaction
mixture containing 0.5μmol/L of each primer, 1μL cDNA solu-
tion, 0.2 mmol/L each deoxynucleotide, 10mmol/L Tris-HCl (ph 
8.5), 50mmol/L KCI, 1.5mmol/L MgCl2, 0.001% gelatin, and 
2.5U of Taq DNA polymerase (AmpliTaqTM DNA Polymerase, 
Perkin-Elmer Cetus Instruments, Norwalk, CT, USA). The PCR
conditions were denaturation at 95℃ for 1min, annealing at
63℃ for 1.5min, and extension at 72℃ for 2.5min using a
Program Temp Control System PC-700TM (ASTEC, Eukuoka,
Japan). Equivalent amounts of the PCR reaction mixtures(8μL)
were electrophoresed on 2% agarose gel and stained with 
ethidium bromide. The intensity of the ethidium bromide band 
for each PCR product was estimated by comparison with a stan-
dard scale photograph on which the relative amounts of serially
diluted β-actin PCR products were scored from 0.5 to 100%.17
This procedure was carried out by seven individuals revealing 
comparable values to one another, and the mean ratio of
cytokine: β-actin scores was calculated and considered to rep-
resent the relative amount of cytokine mRNA.
RESULTS 
Effect of a single exposure to smoke on the total 
number of cells and cell classification in 
bronchoalveolar lavage fluid
When mice were exposed to a single smoking episode, the total 
number of BALF cells increased transiently at 8h after exposure. 
However, there was no significant difference between the smok-
ing group and the control group at 24h after exposure, indicat-
ing that the number of cells had returned to baseline levels. 
More than 99% of the BALF cells were classified as alveolar 
macrophages (AM; Table 2).
Effect of chronic smoking exposure on bodyweight, 
total number of cells, and cell classification in 
bronchoalveolar lavage fluid
Bodyweight
Bodyweight increased smoothly in group B (non-chronic smok-
ing mice; Fig. 1). However, in group A (chronic smoking mice) a 
tr nsient loss of weight was observed after initiation of smoking 
exposure. From 1 week after the initiation of smoking, the body-
weights of g oup A mice were consistently lower than those of 
the group B mice (P<0.01).
Table 1. Primers for polymerase chain reaction
Table 2. Total cell number and cell classification in bronchoalveolar lavage fluid after a single exposure to smoke
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Total number of of bronchoalveolarlavage fluid cells
In group B, an increase in the total number of BALF cells due to 
growth was recognized (Fig. 2). The mean cell counts were 1.92
×105 at 8weeks of age, 3.56×105 at 12 weeks of age and
3.64×105 at 16weeks of age. The mean cell counts in group
A were 4.19×105 at 12weeks of age and 5.04×105 at 16
weeks of age. The total number of BALF cells was significantly 
higher in group A than in group B (P<0.05, Fig. 2). The total
cell number per gram of bodyweight in group B was 0.74×
104/g at 8weeks of age, 1.26×104/g at 12weeks of age and
1.21×104/g at 16weeks of age. The value at 8 weeks of age
was compared to those at 12 and 16 weeks of age and weight 
gain by growth was recognized. No significant differences 
occurred between 12 and 16 weeks of age in group B. In con-
trast, values in group A were 1.64×104/g at 12weeks of age
and 1.89×104/g at 16weeks of age. This increase was signi-
ficantly greater than that in group B (P<0.05 at 12weeks and 
P<0.01 at 16 weeks).
Fig. 1 Effects of chronic smoking exposure and aging on bodyweight
in (●) chronic smoking mice, group A and (○) non-chronic smoking
mice, group B. Values are expressed as mean±SD. Bodyweight in
group A was significantly lower than that in group B from one week after 
smoking exposure (**p<001)
Bronchoalveolar lavage fluid cell classification
Cell classification was carried out for each group by Wright 
Gi msa and non-specific esterase stainings. More than 99% of 
th  cells were observed to be AM and no significant differences 
were detected between the groups (Table 3).
Effect of smoking on the mRNA expressions of 
various cytokines in bronchoalveolar lavage fluid 
cells
In all individuals, RT-PCR products amplified from IL-lα, IL-1β,
TGF-β and TNF-α mRNA in BALF cells were obtained by coam-
plification with β-actin (Fig. 3). However, IL-2 mRNA could not
be amplified even after 45 PCR cycles using primers specific for 
IL-2 cDNA.18 Levels of mRNA expression for each cytokine were 
then investigated.
Fig. 2 Effects of hronic smoking exposure and aging on total cell
number in bronchoalveolar lavage fluid in (●) chronic smoking mice,
group A and (○) non-chronic smoking mice, group B. Values are
expressed as mean±SD (*P<0.05;**P<0.01).
Table 3. Cell classification in bronchoalveolar lavage fluid from non-chronic smoking mice and chronic smoking mice
Values are expressed as mean±SD.
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Comparison between groups C and E at 24h after the 
last exposure
When the levels of cytokine mRNA at 24h after the last exposure 
to smoke in group C were compared with those of group E,
no significant differences in the levels of IL-1α, IL-1β, TGF-β or
TNF-α mRNA were observed (Fig. 4).
Fig. 3 (a) Analysis of cytokine mRNA in bronchoalveolar lavage fluid 
(BALF) cells in chronic smoking mice (group C) using RT-PCR.
Fragments of IL-1α (625bp), IL-1β (382bp), TNF-α (692bp) or TGF-
β (472bp) were coamplified with β-actin (540bp) in a single tube from
cDNA of BALF cells obtained before (24h after previous exposure) or 
immediately 0, 2 or 8h after the last exposure to smoke, then elec-
trophoresed on 2% agarose gels and stained with ethidium bromide. 
(b) The intensity of each band was scored by visual comparison with a
standard scale photograph of serially diluted β-actin PCR products.
Time course of changes in cytokine mRNA in group C
Levels of IL-1aand IL-1(3 mRNA transiently increased immedi一
ately after the last exposure to smoke (P < 0.01), while an
increase inTGF-R mRNAwas observed up until 2 h afterthe last
Fig. 4 Effects of chronic smoking exposure on cytokine mRNA expres-
sions on(/)group E(only exposed to sham smoke for4weeks)and on
(□)group C(exposed†o†obac⊂o sm ke for4weeks)24 h a干terthe last
exposureE Values ore expressed as mean±SD. NS, statistically nQt sig成
nificant.
Fig. 5 Acute effects of the last exposure to smoke on cytokine mRNA 
expressions in chronic smoking mice (group C). Values are expressed
as mean±SD. (*Pく0.05;**P<0.01).
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exposure (P<0.05). No significant differences in TNF-α mRNA
were observed (Fig. 5).
Time course of changes in cytokine mRNA in group D
Levels of IL-1α and IL-1βmRNA transiently increased immedi-
ately afterthe single exposure to smoke (P<0.01), while a tran-
sient increase in TGF-β mRNA was observed 2h after exposure
(P<0.01). No significant differences in TNF-α mRNA were
observed (Fig. 6).
Comparison between groups C and D at 0, 2, 8 and 24h 
after the last exposure
The level of IL-1α mRNA was consistently higher in group C until 8
h after exposure to smoke and the level of TGF-β mRNA at Oh was
higher than that in group D. In group C, TNF-α. mRNA at 8h was
lower than that in group D, whereas at 24h it was higher (Table 4).
DISCUSSION
The total number of BALF cells increased transiently after a 
single exposure to smoke in BALB/c mice. More than 99% of the 
cells were classified as AM and no significant differences were
Fig. 6 Acute effects of the single exposure to smoke on cytokine mRNA 
expressions in non-chronic smoking mice (group D). Closed bars rep-
resent group E (only exposed to sham smoke for 4 weeks) and open 
bars represent group D (single exposure to smoke after exposure to
sham-smoke for 4 weeks). Values are expressed as mean±SD.
observed in cell classifications between the chronic and non-
chronic smoking groups. Because the number of cells returned 
to the pre-exposure level by 24h after a single exposure to 
smoke, the smoking exposure in the chronic smoking group 
(group C) was carried out at 24h intervals. Although the chronic 
smoking group had poor weight gain and AM containing many 
foamy granulations, neither emphysematous nor fibrotic 
changes were microscopically observed after 4 and 8 weeks of 
smoking, in preliminary experiments. While exposure to chlo-
ramine-T19 or bleomycin20,21 causes these histological changes 
in animals, no evidence has been reported that these changes 
occur only by exposure to smoke. Alternatively, BALF cell num-
ber per gram of bodyweight, as well as the total BALF cell num-
ber, obviously increased in the chronic smoking group 
compared with the non-smoking group. Thus, the effect of 
smoking was apparent in chronic smoking mice, whereas the 
possibility t at 4 weeks of exposure was insufficient to evaluate 
the influence of chronic smoking on the expression of cytokines 
could not be neglected.
 Another method for examining cytokine mRNA expression is 
to place BALF cells in a plastic dish to which macrophages 
adhere and can then be separated. However, with this method, 
the expression of cytokines may be influenced by adhesion to 
the plastic dish. Although it is possible to adjust the cell number 
after BAL and carrying out PCR, this requires a considerable 
amount of time and the mRNA levels of some cytokines might 
be altered during this procedure. To avoid these artifacts, I 
extracted the total mRNA from BALF cells immediately after BAL 
and B-actin was used as an internal control for co-amplification 
so that the variation in the total number of BALF cells could be 
adjusted. When using this method, the ratio of cytokine: B-actin
Table 4. Comparison of cytokine mRNA levels between chronic 
smoking mice (group C) and single smoking mice (group D) at 0, 2, 8 
and 24h after the last exposure
Values are expressed as mean+SD of four mice.
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PCR products is considered to reflect the relative level of 
cytokine mRNA expression in vivo with a minimal number of
artifacts. To estimate the ratio of cytokine: β-actin PCR prod-
ucts, I scored the intensity of each band on aga rose gel by com-
paring it with that of a standard scale photograph of serially
diluted B-actin PCR products. I have previously confirmed and
reported that the estimation by this method is almost as accu-
rate as using high performance liquid chromatography
(HPLC),17 which is an established method in quantification of
PCR products.22 In the preliminary experiment, the values of
cytokine: B-actin ratio obtained by these two methods revealed
a very good correlation (r=0.983, P<0.0001).17 Moreover,
estimation by the naked eye was applicable to the cases where
the two bands obtained by co-amplification were similar in size.
From the findings that more than 99% of BALF cells were classi-
fied as AM and that IL-2 mRNA was not amplified by 45 cycles 
of PCR, it can be concluded that the cytokine expression 
detected in the present study is most likely derived from AM.
Spontaneous expressions of IL-1α, IL-1β, TNF-α and TGF-β
were detected in mRNA levels in all mice not exposed to smoke. 
This suggests that, as the alveolus is constantly in contact with 
the outside atmosphere, BALF cells are continuously stimulated
and express cytokines. Individual variations in TNF-α expression
were large and the effects of smoking either in the chronic 
smoking exposure group (group C) or in the single smoking 
exposure group (group D) could not be concluded. However,
for other cytokines, the time course of increases in mRNA 
expression after the last exposure to smoke in group C was 
almost the same as that after a single smoking exposure in 
group D. This indicates that, in habitual smoking, each expo-
sure to smoking Ieads to an immediate increase in IL-1α and IL-
1β mRNA, which participate in the acute phase of inflammation
in AM. Levels in IL-1β increased to approximately three times
the baseline level, while IL-1α increased 1.5-fold. Levels in IL-
1β decreased to approximately 40% 2 weeks after cessation of
smoking (data not shown). This suggests that IL-1β has a signi-
ficant role in acute inflammation. However, the rapidity of the
increase in TGF-β mRNA expression was different between the
single smoking group and the chronic smoking group; the peak 
of the level was 2h after the exposure in the former group and 
that was immediately after the exposure in the latter group.
Some alterations in the expression mechanism of TGF-β might
be caused by repeated exposure to smoke. I compared the non-
smoking group (group E) with group C at 24h after exposure 
to smoke to examine the effect of chronic smoking. Although 
the difference was not statistically significant, an increase in IL-
1α. and TNF-α mRNA levels were observed in the smoking
group. Moreover, when the levels of cytokine mRNA were com-
pared between single smoking mice and chronic smoking mice,
IL-1α. and TGF-β mRNA expression was exaggerated in the
early phase after exposure to smoke suggesting that BALF cells 
might be susceptible to continual inflammation during chronic 
smoking.
  In conclusion, repeated exposure to smoke may have caused 
some alterations in the expression mechanism of cytokines, which 
may have sig ificant roles in inflammation in BALF cells, while it 
see ed to cause a repeated pattern of acute inflammation after 
ach exposure. When cytokine expression in BALF cells for vari-
ous lung diseases is evaluated, it is recommended that a sufficient 
time interval after the last exposure to smoke should be allowed 
before obtaining samples when smokers are included as subjects.
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